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In this work, we employ single-particle electron cryo-
microscopy (cryo-EM) to reconstruct GroEL to 4 A˚
resolution with both D7 and C7 symmetry. Using
a newly developed skeletonization algorithm and
secondary structure element identification in combi-
nation with sequence-based secondary structure
prediction, we demonstrate that it is possible to
achieve a de novo Ca trace directly from a cryo-EM
reconstruction. The topology of our backbone trace
is completely accurate, though subtle alterations il-
lustrate significant differences from existing crystal
structures. In the map with C7 symmetry, the seven
monomers in each ring are identical; however, the
subunits have a subtly different structure in each
ring, particularly in the equatorial domain. These dif-
ferences include an asymmetric salt bridge, density
in the nucleotide-binding pocket of only one ring,
and small shifts in a helix positions. This asymmetric
conformation is different from previous asymmetric
structures, including GroES-bound GroEL, and may
represent a ‘‘primedstate’’ in the chaperoninpathway.
INTRODUCTION
Single-particle electron cryomicroscopy (cryo-EM) has made
steady progress in resolution over the last decade, with subnano-
meter resolutions now being achieved in many macromolecular
assemblies (Jiang and Ludtke, 2005). In this resolution range
(5–10 A˚), protein secondary structure elements can be readily
identified, but analysis at the atomic or amino acid level still relies
on the existence of component crystal structures or computa-
tional homology models. We now present two 4 A˚ resolution
cryo-EM density maps of GroEL and, based on a novel method-
ology for map interpretation, a complete and accurate de novo
Ca trace. The presented model building approach is applicable
to any protein or macromolecular structure in this resolution
range with significant a-helical content.
GroE is the prototypical type I chaperonin, required for proper
folding of a wide range of substrate proteins (Ellis and van der
Vies, 1991; Martin et al., 1991). It acts as an Anfinsen cage (Saibil
et al., 1993; Ellis, 1994) to facilitate substrate folding by providingStructure 1an appropriate chemical environment and can induce partial
substrate unfolding during encapsulation (Itzhaki et al., 1995;
Walter et al., 1996). GroE consists of two proteins, GroEL and
GroES, with 14 monomers of GroEL forming two back-to-
back, seven-membered rings (Braig et al., 1994; Carazo et al.,
1991). Through the cooperation of GroES heptamers, the two
rings alternate between accepting and folding a polypeptide
chain in a cycle driven by ATP hydrolysis. The structure of GroEL
has been studied by X-ray crystallography and cryo-EM, result-
ing in nearly two dozen structural models in a variety of chemical
conditions and functional states (Braig et al., 1995; Chaudhry
et al., 2004; Ranson et al., 2006; Xu et al., 1997). These structural
studies have provided ‘‘snapshots’’ of GroE in different confor-
mations, from which mechanistic models have been proposed.
However, GroEL clearly has complicated dynamics, involving
intra-ring cooperativity and inter-ring allostery, as well as com-
plex structural motions (Horovitz et al., 2001). Unfortunately,
our understanding of the dynamics leading to productive protein
folding is still limited and consists of many suppositions. For ex-
ample, while most substrates are chaperoned by the combined
GroEL/GroES complex, there is a case in which substrate can be
folded by GroEL alone (Clark and Frieden, 1997). This, among
other evidence, implies that the current model of GroEL folding
may represent an incomplete picture of the full capabilities of
this intriguing molecular machine. The two single-particle cryo-
EM reconstructions presented here and their associated Ca
traces have permitted us to view a previously unobserved con-
formation of GroEL without GroES.
RESULTS
3D Reconstructions of GroEL
Two independent reconstructions of ice-embedded GroEL were
determined from a set of 135 micrographs (Figure 1A), resulting
in a 4.2 A˚ resolution map with D7 (7-fold32) symmetry imposed
(Figure 1B; Movie S1, see the Supplemental Data available online
with this article) and a 4.7 A˚ resolution map with C7 (7-fold)
symmetry imposed (Figure 1C). Despite being reconstructed
from fewer particles (20,401) than the previous 6 A˚ resolution
reconstruction (39,085) (Ludtke et al., 2004), this represents
a significant milestone in resolution for low-symmetry, single-
particle cryo-EM maps. This achievement can be attributed to
three factors: optimization of cryo-specimen preparation (Chen
et al., 2007), cryo-EM imaging using a liquid helium 300 kV elec-
tron cryomicroscope with an exceptionally stable cryo-stage6, 441–448, March 2008 ª2008 Elsevier Ltd All rights reserved 441
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the EMAN software package (Ludtke et al., 2005). The most crit-
ical factor in increased resolution is the improved high-resolution
signal-to-noise ratio in the raw data (Saad et al., 2001).
Figure 1. Structure of GroEL
(A) Representative field of view of an electron
micrograph is shown.
(B) The 4.2 A˚ resolution reconstruction of GroEL
with D7 symmetry is shown with a single subunit
in red.
(C) The 4.7 A˚ resolution reconstruction of GroEL
with C7 symmetry is shown. A single subunit of
GroEL in the A ring is colored in blue, while in the
B ring it is colored in yellow.
on the approximate size and predicted
composition of the b sheet.
In the case of GroEL, this approach
produced two possible topological
models of GroEL, differing only by a single
swapped pair of helices in the apical do-
main. This ambiguity was easily resolved
when b sheets were considered in the
topological model (see Experimental Pro-
cedures). No structural template or exist-
ing crystal structure was used during the model building proce-
dure for GroEL. The assignment of a helices and b sheets was
made quantitatively with a scoring threshold (Baker et al.,
2007), thus avoiding potential user bias. However, we cannot
rule out the possibility that familiarity with GroEL crystal struc-Ca Model Building of GroEL Monomers
Using traditional crystallographic model building techniques, it
would not be possible to trace the protein backbone at this res-
olution due to topological ambiguities and few visible side chains
in the density map. We have developed a new protocol designed
to resolve the ambiguities present at such intermediate resolu-
tions, thus permitting a topologically accurate Ca trace. This pro-
cedure is not based on molecular replacement, homology mod-
eling, threading, or fitting; rather, our approach relies solely on
geometrical and feature analysis of the cryo-EM density and
analysis of the primary sequence of the structure being studied.
The new protocol combines three computational techniques.
First, secondary structure elements are automatically detected
directly from the cryo-EM map using SSEHunter (Figure 2A)
(Baker et al., 2007). Second, a recently developed density skel-
etonization technique (Ju et al., 2007) is used to produce a topo-
logical model consisting of planes and lines that define and con-
nect the secondary structure elements (Figure 2B; Movie S2).
These first two steps provide the position, length, and all possi-
ble connectivities of helices within the structure. Naturally, some
branching in the possible connectivities still exists at this resolu-
tion. The third step permits us to resolve these ambiguities. Con-
sensus-sequence-based secondary structure prediction is used
to provide a linear map of approximate helix lengths and a max-
imum distance between pairs of helices (Figure S1). Comparison
of predicted and observed helix lengths, connectivities, and dis-
tances can then be used to define the topological arrangement of
helices. Once the topology is determined, individual Ca atoms
can be placed along the individual helices and adjoining loops
at 3.8 A˚ intervals. Where visible, individual strands in b sheets
are then constructed similar to helices; however, most strands
were constructed using idealized atom/strand distances based
tures may have introduced some bias in the final tracing, partic-
ularly in ambiguous regions joining the helices, though the skel-
etonization provided strong experimental justification for path
choice.
Utilizing this approach, a complete Ca trace was constructed
for a single GroEL monomer from the D7 reconstruction (Fig-
ure 2C). The observed structural features are consistent with
the measured resolution of the map. However, it should be
pointed out that the appearance of structural details depends
strongly on how the final map is filtered. For GroEL, we chose
a filter such that the secondary structure elements and connec-
tivity are easier to observe but may blur potential side-chain
densities. While less filtration does make more side-chain-like
densities appear in the structure, these densities would be of lim-
ited accuracy for model building. However, even with this level of
filtration, density is clearly observed for several aromatic side
chains, and strand separation is observed in one b sheet in the
equatorial domain (Figure 2D). b sheets in the apical domain
are also well defined, but strand separation is not uniformly
resolved, likely due to the greater flexibility of this domain in
solution, as confirmed by higher B-factors in known crystal
structures (Chaudhry et al., 2004). When our de novo model is
compared to crystal structures of GroEL, the topology of the
cryo-EM-based backbone is completely accurate (Figure 3).
The overall RMSD of the de novo Ca trace is 4.4 A˚ when com-
pared to apo-GroEL structures (1OEL, 1XCK, 1SS8), compara-
ble to the resolution of the reconstruction. However, the differ-
ence between the crystal structure and the model improves to
2.2 A˚ if only nearest neighbor Ca positions, regardless of amino
acid assignment, are considered (Figure 3B). This implies that
while topologically accurate, without more complete side-chain
densities, Ca positional shifts on the order of 1–3 amino acids442 Structure 16, 441–448, March 2008 ª2008 Elsevier Ltd All rights reserved
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Backbone Trace of GroEL by Cryo-EMFigure 2. Model of a GroEL Monomer
(A)SSEHunter results are shown superimposed on
the GroEL monomer density. Helices are shown
as green cylinders while sheets appear as blue
rectangles.
(B) The skeleton generated from SSEHunter is
shown in red superimposed on the density.
(C) The final monomer built from the 4.2 A˚ resolu-
tion D7 GroEL density map is shown. The model
is colored from the N to C termini (blue to red). He-
lices are labeled and correspond to their place-
ment within the sequence as shown in Figure S1.
(D) Characteristic density features in the GroEL
map and model are shown. In helical regions, the
pitch of the helix is visible (top left panel). Further-
more, separation of strands in b sheets (top right)
begins to become visible in the equatorial domain
of the GroEL monomer. Several protruding densi-
ties corresponding to bulky amino acids (bottom
panels) can be seen in the map.
the initial purification step. In order for
GroEL to release substrate and GroES
from one ring, ATP binding is required in
the opposite ring (Lin and Rye, 2006).
However, in the absence of substrate,
GroEL will continue to hydrolyze ATP. In
either case, the pathway for ADP releaseare possible. Unfortunately GroEL’s paucity of aromatic residues
makes it an especially challenging target for full model building
with side-chain assignments. Only 15 out of 526 residues in
a GroEL monomer are aromatic, of which one-third were clearly
visible in our map (Figure 2D). While these observed structural
features are consistent with the map resolution, apparent re-
solvability (i.e., visualization of side chains) alone is not a rigorous
measure of the map resolution.
Asymmetric Rings of GroEL
While the D7 density map and models are shown to be consis-
tent with previous GroEL crystal structures, the advantage of
cryo-EM lies in the ability to image GroEL in a ‘‘solution-like’’
state. Utilizing the same image data, a C7 symmetrized density
map was also reconstructed to determine if any structurally
significant differences exist between the two GroEL rings. The
resolution of this reconstruction (Figure 1C) is 4.7 A˚, only slightly
worse than the full D7 symmetrized map.
In the C7 reconstruction of GroEL, the two rings exhibit clear
differences (Figures 4A–4D; Figure S2). Though small in scale,
these differences are qualitatively consistent when the recon-
struction is repeated with different starting models. As already
alluded to, the apical domains of GroEL are somewhat flexible
in the absence of GroES and as such, modest differences are
readily observed between the two rings in this region. However,
a significant difference between the rings is also observed in the
normally stable equatorial domain, as well as shifts in helix posi-
tions within the intermediate domain (Figure 4A).
Interestingly, strong density is observed in the nucleotide-
binding pocket of one ring only (‘‘A’’ ring, Figure 4B). This is
significant, as no nucleotide was included in the buffer after
is less clear. Though the origin of the observed density in the nu-
cleotide-binding pocket is unknown, it is conceivable that while
GroES and substrate dissociate from GroEL after hydrolysis,
some nucleotide may remain bound in the absence of chelation.
Due to the resolution of this structure, we can estimate neither
the nucleotide occupancy nor the precise nucleotide state
beyond stating that it is clearly absent in one ring and present
in the opposite ring. The presence of the nucleotide is also
accompanied by a reconfiguration of the equatorial and interme-
diate domain helices, comparable in scale and scope to those
associated with nucleotide binding in previous crystal structures
(Figure 4C). As such, nucleotide occupancy must be relatively
high. Indirectly supporting our observation, reanalysis of previ-
ous crystal structures using the translation-libration-screw
(TLS) model also suggested the possibility of residual bound
nucleotide (Chaudhry et al., 2004). In addition, our observation
is also consistent with a more recent observation of partially or-
dered ADP in the GroEL-GroES complex (P. Adams, personal
communication).
While the structural rearrangements are of a similar magnitude
to the changes induced by nucleotide binding in the crystal
structures, they do not match any existing structure, even qual-
itatively. To better characterize these differences, we compared
the equatorial domain of each ring of our C7 model with mono-
mers from each ring of several GroEL crystal structures in various
states (1SS8 [apo], 1SX3 [14xATP-gS], and 1SX4 [ADPx7,
GroESx7]; Chaudhry et al., 2004). The ‘‘B’’ ring monomer in our
C7 reconstruction, which does not appear to contain nucleotide,
best-matched 1SS8, an apo reconstruction, though the fit is only
marginally better than to the ATP-gS bound state. The A ring ex-
hibited seemingly reasonable helix rearrangements around theStructure 16, 441–448, March 2008 ª2008 Elsevier Ltd All rights reserved 443
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Backbone Trace of GroEL by Cryo-EMnucleotide-binding pocket but did not match either the ATP-gS
or the ADP + GroES equatorial domain structures (Chaudhry
et al., 2004). That is, the pattern of helical rearrangements we
observe adjacent to the nucleotide-binding pocket is qualita-
tively different from all previously observed conformations. This
Figure 3. Model Validation
The D7 GroEL model (colored as in Figure 2C) is
shown superimposed on a GroEL monomer from
1OEL (gray) (A). Per-residue differences between
the monomer and the model are plotted in (B).
The yellow bars show nearest Ca distances, while
the red bars show position-specific differences.
The green dashed line is shown at4.2 A˚, the res-
olution of the density map. In (C) and (D), a contin-
uous color scheme was employed to show the
Ca–Ca distances such that distances close to
zero are blue, distances of 4.2 A˚ are white, and
distances 8 A˚ or greater are red. In (D), a posi-
tion-specific distance is shown, while in (D) a near-
est-neighbor distance is shown.
is not entirely surprising, since for ATP-
gS, 14-fold nucleotide binding was
observed, which presumably destroys
the inter-ring allostery, and in the ADP +
GroES structure, observed motions are
due to both nucleotide and GroES bind-
ing. In our A ring, the motions are due
solely to nucleotide binding.
More than structural variability, the na-
ture of these helix rearrangements offers
insight into intra- and intersubunit com-
munication within GroEL. Specifically,
three long a helices adjacent to the nucleotide-binding pocket
appear to be coupled. In the A ring monomer, there is a clear
connection between helix 17 and helix 3, while helix 17 is
connected to helix 5 in the B ring monomer (Figure 4C). While
these connections suggest helix 17 may act as an internal signal,Figure 4. GroEL C7 Monomer Model
Differences
(A) A comparison of the two C7 monomers is
shown. The A ring model is shown in blue; the B
ring model is shown in yellow.
(B) A view of the density around the nucleotide
binding pocket is shown for a monomer in both
the A and B rings (left and right column, respec-
tively). The nucleotide-bound states of GroEL
(1SX3 and 1SX4) were fit to the C7 model; only
the nucleotides are shown.
(C) A zoomed-in view of the equatorial domain he-
lices is shown. The approximate view angle is illus-
trated by a red arrow in panel (A).
(D) A view of the C7 model superposition is shown
highlighting the intermediate domain. The approx-
imate view angle is indicated by the black arrow
in (A).444 Structure 16, 441–448, March 2008 ª2008 Elsevier Ltd All rights reserved
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Backbone Trace of GroEL by Cryo-EMFigure 5. GroEL Inter-Ring Contacts
(A) The C7 density map and corresponding models
are shown.
(B) A zoomed in view of the map and models about
the inter-ring interface is shown. The approximate
position in the full C7 model is indicated by the
rectangle in panel (A). The C7 model is colored
from the N to C termini; blue to red, respectively.
Additionally, several negatively charged residues
are colored in red while positively charged resi-
dues are shown in blue (annotated as spheres).
(C) A zoomed in view of the asymmetric R452-
E461 salt bridge is shown. The connecting density
and potential salt bridge is illustrated with a green
dashed line. The approximate positions in the full
C7 reconstruction are indicated by an asterisk in
panel (A).
(D) A dashed circle, corresponding to the # mark in
(A), indicates the bridging density adjacent to
K105 in the A ring, but the distance is far too large
to form a salt bridge to E434.
bridge at a time in this location. Though
we do not have the resolution to suffi-
ciently resolve the side chains, E461 in
the B ring and R452 in the A ring are
best positioned to form this bridge. The
alternate pair, E461 in the A ring and
R452 in the B ring, is shifted several ang-modulated by nucleotide in a single subunit, these helices may
also be involved in intersubunit signaling between neighboring
subunits. Helix 17 is the final helix before the C terminus, im-
mediately before one of the four b strands found in an intersub-
unit b sheet, which itself is significantly shifted between the
two ring models (indicated by a bracket in Figure 4A and Fig-
ure S2). Helix 5 is the last of the N-terminal equatorial domain
a helices; the following loop represents one of the hinge points
that connect the equatorial and intermediate domains. Like the
intersubunit b sheet, the position of helix 6 and helix 7, which
form the intermediate domain, are shifted within the two ring
conformations (Figure 4D). As such, the subtle rearrangement
of equatorial domain helices may result in an asymmetric
conformation poised for accepting nucleotide, substrate, and/
or GroES binding in one ring (e.g., B ring) for the next folding
cycle.
Asymmetric Bridges between Two Rings
In addition to the differences between the two C7 ring densities
and corresponding models, two connections can be directly
observed between the two GroEL rings (Figures 5A–5B). One
of these densities is quite strong (Figure 5C) and is visible even
at high isosurface thresholds, while the other is substantially
weaker (Figure 5D) and visible only at much lower thresholds.
In our model, the stronger of the two densities is positioned
precisely where the known salt bridge between R452 of A ring
to E461 of B ring would exist in our Ca trace (Figures 5B–5C).
In the current model of apo-GroEL (Braig et al., 1994; Sewell
et al., 2004), this salt bridge is symmetric, forming connections
between both A/B and B/A. However, in our C7 reconstruc-
tion, it appears asymmetric, with density present for only one saltStructure 16stroms away from the main inter-ring density connection and
cannot form a salt bridge in our C7 structure (Movie S3).
Asymmetry at the inter-ring interface has been observed in
GroEL/GroES complex (Xu et al., 1997); however, no high-reso-
lution structure has been reported in which nucleotide alone was
bound to only one ring of native GroEL without GroES. An earlier
cryo-EM reconstruction attempted to visualize a similar struc-
ture, although their observations were at much lower resolution
(10–15 A˚) and interpreted by docking existing X-ray structures
into the density map (Ranson et al., 2001). Our model was built
with absolutely no input from the crystal structures and thus is
isolated from any template bias. It is important to note that the
structural variations between the rings reported in our analysis
are on the order of the resolution of our reconstruction. Thus,
only the current4 A˚ resolution cryo-EM study makes it possible
to observe this asymmetric state.
In a previous study inferred from a lower resolution cryo-EM
map and simulation (Sewell et al., 2004), a second salt-bridge
was proposed to exist between E434 and K105 in wild-type
GroEL. In our present C7 reconstruction, weak density is directly
adjacent to K105 in the B ring; however, E434 in the opposite ring
is far too distant to form this salt bridge, 19 A˚ Ca-Ca, and no
density is observed along such a path (Figures 5B and 5D). In
the original GroEL crystal structure (Braig et al., 1994), a side-
chain-main-chain connection was observed between K105 and
A109 that is more consistent with our observation.
DISCUSSION
Our work demonstrates a method for building an accurate Ca
trace based on single-particle cryo-EM reconstructions without, 441–448, March 2008 ª2008 Elsevier Ltd All rights reserved 445
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meaningful and accurate structural models of nanomachines in
their ‘‘native conditions’’ are now within reach using current tech-
niques in cryo-EM at a resolution closer to crystallography.
While the resolutions of our GroEL cryo-EM density maps are
higher compared to other low-symmetry, single-particle recon-
structions reported to date, this resolution is still somewhat lower
than that typically required to produce accurate Ca traces by X-
ray crystallography. The present study is greatly facilitated by
the substantial number of long a helices in the GroEL structure,
which helps to resolve any ambiguities in the connectivity directly
observed from the structure. These long a helices, when com-
bined with additional information, are sufficient to produce an ac-
curate structural model at relatively low resolution. As such, the
effective implementation of our algorithm requires that the pro-
tein in question have a relatively high percentage of a helices
that can be readily discerned and mapped back to the sequence,
as well as sufficient resolution to identify potential connections
between secondary structure elements.
Despite the overall accuracy of our models, there are small dif-
ferences between the model and existing X-ray structures. The
most common differences are shifts of one or two residues
with respect to the start and end residues for a particular helix/
sheet due to the lack of sufficient side-chain densities in the
cryo-EM map. The remaining differences are concerted motions
of entire secondary structure elements such as helices, which
are almost certainly authentic structural differences between
our model and the known crystal structures.
Our original intent was to image apo-GroEL to validate high-
resolution cryo-EM methodology rather than observe an asym-
metric GroEL conformation. However, it is likely that the ob-
served state is indeed biologically relevant as GroEL will unlikely
exist in conditions where nucleotide has been fully chelated in
vivo. The fact that we are able to image and resolve the structure
of GroEL at such resolution also leads to the supposition that this
conformation is energetically favorable. Additionally, functional
Figure 6. Resolution Curve
The Fourier shell correlation for the C7 and D7 GroEL reconstructions are
shown. Each was computed by two sets of independent reconstructions
from one-half of the image data of the full reconstruction.446 Structure 16, 441–448, March 2008 ª2008 Elsevier Ltd All rightsGroEL is clearly asymmetric, as substrate and GroES only bind
to one ring at a time. However, our observed asymmetry is not
driven by substrate and/or GroES, but rather by the underlying
conformational state of GroEL. For some substrates, GroES is
not required for productive folding (Clark and Frieden, 1997),
suggesting that GroEL and the associated ring asymmetry are
necessary for productive protein folding. As such, our asymmet-
ric cryo-EM structure may represent a snapshot of a ‘‘primed’’
GroEL state, in which GroEL has essentially completed a round
of substrate folding in one ring and is transitioning to begin the
folding cycle in the opposing ring. Moreover, our structure
separates out the conformational changes due to nucleotide
binding/hydrolysis and those due to GroES, nucleotide, and
substrate binding, revealing the underlying asymmetric nature
of GroEL-assisted protein folding. Beyond this, our study also
points to the need for additional structural and biochemical ex-
periments to further delineate its detailed folding mechanisms,
although a significant amount of investigation has already been
done on this molecular machine.
EXPERIMENTAL PROCEDURES
GroEL Preparation
The pGroESL plasmid, which overexpresses E. coli GroEL, and GroES were
transformed into ESts CG-712 cells and grown at 37C under chloramphenicol
selection to A600 of 0.6. GroEL expression was induced by IPTG overnight at
37C. Cell lysates were prepared by sonication in a lysis buffer containing
1mM phenylmethylsulfonyl fluoride and 1 mM benzamidine. After an initial
30% – 60% (NH4)2SO4 fractionation, the protein sample was treated with
10 mM Mg-ATP at 37C for 2 hr, followed by DEAE-Sepharose column chro-
matography. The GroEL fractions collected from the ion exchange column in
the absence of Mg-ATP were concentrated and purified on a Sephacryl
S-400HP column with Mg-ATP also omitted from the column buffer. Eluted
GroEL fractions were pooled, concentrated, and further purified on a Reactive
Red column (2.6 cm 3 70 cm), with GroEL recovered in 20 mM Tris.HCl
(pH 7.5), 50 mM MgCl2 in flow-through fractions (Clark and Frieden, 1997).
Electron Cryomicroscopy
GroEL cryo-preparation was performed as described previously (Chen et al.,
2007; Ludtke et al., 2004). Images were recorded at 60,0003 nominal magni-
fication on Kodak SO-163 films in a JEM3000SFF electron cryomicroscope
(Chen et al., 2007; Fujiyoshi et al., 1991) operated at 300 kV and with a specimen
temperature of 4.2 K. The specimen dose was 25–36 electrons/A˚2. The films
were developed for 12 min in Kodak developer D-19 and fixed for 10 min in
Kodak fixer at 20C. The films were digitized on a Nikon 8000ED scanner
with 6.35 mm/pixel sampling interval, resulting in final sampling of 1.06 A˚/pixel.
Image Reconstruction
GroEL reconstructions were performed using EMAN v1.7 and v1.8 (Ludtke
et al., 1999, 2004) with full amplitude and phase correction in the contrast
transfer function. A total of 20,401 particles from 135 micrographs were
used in both the 4.2 A˚ resolution D7 symmetrized reconstruction and the
C7 symmetrized reconstruction at 4.7 A˚ resolution (Figure 6). Resolution was
assessed with the Fourier Shell Correlation using the 0.5 threshold criteria
(Harauz and van Heel, 1986). While the apparent low-resolution image contrast
was actually somewhat worse than data collected for the previous 6 A˚ resolu-
tion reconstruction, at high resolution, signal was visible in the power spectrum
from several individual micrographs beyond 5 A˚ resolution. The experimental
B-factors used for this data ranged from 50 A˚2 to 198 A˚2 with a mean value
of 120 A˚2 measured as previously described (Saad et al., 2001). Amplitude
contrast was fixed at 10% (Ludtke et al., 2004). Note that the presented
maps are low-pass filtered more than strictly necessary to enhance the
visibility of secondary structures and eliminate noise. With less filtration,
more side-chain-like densities can be observed but secondary structures
and connectivities become more, not less, ambiguous.reserved
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Segment3d, EMAN’s automatic segmentation program, was used to accu-
rately segment a GroEL monomer from the D7 structure by finding the weakest
density connectivity between subunits. The segmentation produced a single
ambiguity at the end of a four-stranded b sheet, located at the N and C termini
of one monomer, which was later resolved in the chain tracing process and
then resegmented. The subsequent Ca trace was used to produce a more
accurate segmentation with the proper b sheet separation. The final mask
was later symmetrized and used to mask out monomers from each ring in
the C7 symmetric reconstruction.
SSEHunter was then used to computationally identify both a helices
(>2 turns) and b sheets (Baker et al., 2007). SSEHunter also produces a
unique density skeleton that preserves density connectivity. Unlike typical 3D
skeletonization procedures often used in X-ray crystallography, ours produces
a feature- and topology-preserving skeleton composed of both surfaces and
line elements (Ju et al., 2007).
A consensus secondary structure prediction (Figure S1) was derived from
psipred (McGuffin et al., 2000), phd (Rost et al., 1994), prof (Rost and Sander,
1993), jpred (Cuff and Barton, 2000), sspro (Pollastri et al., 2002), and sam-t02
(Karplus et al., 2003). Consensus secondary structure predicted 18 a helices
long enough to be detectable by SSEHunter and numerous b strands. Utilizing
this sequence prediction as distant, possible topologies were then evaluated
based on the length of secondary structure elements and the intervening
loops. This made it possible to assign sequence to several long, consecutive
a helices derived fromSSEHunter (e.g., helices 3–6 in Figure 2A and Figure S1).
After establishing these helices as ‘‘anchor’’ points, the remaining sequence
elements could be fixed to the remaining secondary structure elements guided
by the density skeletonization. Ca atoms, corresponding to the amino acid
sequence of a GroEL subunit, were first placed along the helices and then ex-
tended along skeleton paths using Coot (Emsley and Cowtan, 2004). Regions
of ambiguity, particularly in the apical domain b sheets, were assigned last and
were based primarily on idealized Ca distances. Subsequent optimization of all
Ca atoms in the density map was carried out to minimize clashes (Cawithin 4A˚)
and maximize density correlation, while maintaining optimal Ca–Ca distances.
To eliminate potential user bias, a prototype of an automated secondary
structure matching tool, similar to the aforementioned manual routine, was
able to completely assign the identity of all helices in the structure with the ex-
ception of a single ambiguity: a pair of helices (helices 9 and 10 in Figure 2C) in
the apical domain. When b sheet locations relative to these helices were
considered, the ambiguity in the assignment was resolved. While this algo-
rithm will likely need additional improvements before it can be applied to any
other structures, this analysis served to demonstrate and validate that the helix
assignment process could be completed without prior knowledge of the struc-
ture and/or user bias influence.
For the C7 reconstruction, the completed D7 Ca trace was fit to an extracted
GroEL subunit from each of the two rings.Morphpdb2mrc.pywas then applied
to adapt the Ca trace to the density for each ring.
Model Accuracy
The accuracy of our Ca trace was assessed by aligning the model with crystal
structures of GroEL using the Matchmaker tool in UCSF’s Chimera (Pettersen
et al., 2004). Note that each monomer from the GroEL crystal structures was
slightly different, having pairwise RMSDs on the order of 1–3 A˚. Our D7 model
had a mean positional error of 4.4 A˚ (rmsd) for the Ca with respect to
monomers from the apo-state of GroEL (1SS8), which is comparable to the
resolution of the underlying reconstruction. This indicates that the topology
determined by single particle reconstruction is relatively accurate.
Structure Fitting and Comparison
Fitting of the individual crystal structures was accomplished using Foldhunter
(Jiang et al., 2001). Unless otherwise noted, the entire heptameric rings from
the crystal structures were fit to the density map. A relative quality of fit score
was obtained from the average density value at the Ca positions as calculated
in UCSF’s Chimera (Pettersen et al., 2004). While some of the helix rearrange-
ments observed in the equatorial domain are only in the 1-4 A˚ range, overall
helix position is an average over many voxels, and shifts of this scale can be
unambiguously measured.Structure 1ACCESSION NUMBERS
The cryo-EM density map and corresponding models for the C7 reconstruc-
tion are available from the EMDB and PDB as EMDB ID 5002 and PDB ID
3C9V, respectively. The D7 reconstruction and model are available from the
EMDB and PDB as EMDB ID 5001 and PDB ID 3CAU, respectively.
SUPPLEMENTAL DATA
Supplemental Data include two additional figures and three movies and are
available online at http://www.structure.org/cgi/content/full/16/3/441/DC1/.
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